A novel type of pulsed X-ray generator especially suitable for rare event searches, as dark matter and neutrino experiments, has been developed. Built with selected radio-pure materials, it combines low-background capability and compactness. UV light generated by a discharge in an adequate gas produces photoelectrons on a thin metallic photocathode deposited on a UV transparent crystal. Photo-electrons are accelerated to a thin-metallic anode element where they produce X-rays. The X-rays are emitted in bunches with an excellent time resolution that can be better than 1 ns, and the system will provide a fast trigger for event tagging. We present the idea of the new X-ray generator as well as experimental results showing the proof of principle of the device. Data are in good agreement with simulation results and future optimisations of the system are also discussed.
anode and the cathode. The electrons interact with the individual atoms of the anode material and produce radiation by two effects:
• the interaction with the electrons of the atom produces characteristic X photons • the interaction with the atomic nucleus produces Bremsstrahlung X-ray photons (breaking radiation).
In most commercial X-rays generators the electrons are produced in continuous mode by the thermionic effect. The heat produced in this process is an undesirable by-product.
In our concept the electrons are generated by UV light falling on a metal photocathode and not by the thermionic effect. The photons are produced by a pulsed EUV lamp (extreme UV range). A signal generated by the lamp can be used to label in time the bunch of photoelectrons (event tagging) and therefore the emission of X-rays.
As the lamp operates in pulsed mode the power consumption is very low (∼ 1 mW) so no heating up process is expected and therefore no special device to cool down the X-ray generator is needed. In addition the dose rate should be well below 1 µSv/h at a distance of 10 cm, and given that the high voltage can be less than 30 kV, this device should be exempt from special authorization simplifying its use in any installation. Moreover, as it will be a compact (few cm to produce X-rays of less than 8 keV) and rather simple set-up, it is not required to bring the detectors on site to perform measurements, but the generator can move to the detector.
Another favourable point is that it can be constructed with selected materials to obtain sufficient radio-purity to satisfy the requirements in low-background experiments. An example is the calibration of the detectors for the research of rare events (neutrinos, dark matter particles, axions ...) for which the radioactivity can produce parasitic signals which can distort the expected results.
In general, all detectors installed in underground laboratories to avoid cosmic radiation may profit from this device. The possibility of tagging events in time is of interest for any experiment that requires long-term data acquisition, even at high rate. The device can then be used continuously for the calibration of the detector without interrupting the data taking, providing a time stamp with a precision of ∼ 1 ns.
Description of the proposed new X-ray generator
A sectional view of the new X-ray generator device is shown in Figure 1 .
The different components are: a UV gas discharge lamp, the UV window, the photocathode and the X-ray converter. The process is as follows: the photons produced in the lamp are converted into electrons in the photocathode. These electrons are then accelerated to hit the anode, where the X-rays are produced.
In this paper the proof of principle of the device is described. The full R&D of this project includes also the manufacturing of the UV lamp, to optimize the temporal resolution, the light yield and to integrate everything in a small setup. The compartment of the UV lamp is filled with a gas at a pressure lower than 1 bar. Different gases can be chosen, such as argon, xenon, deuterium or hydrogen, to produce light at different wave-lengths (110 to 200 nm,) and
with different timing performance (1 ns to 1.5 µs). The size and thickness of the electrodes can be optimized to obtain an excellent temporal resolution (< 1 ns). The photocathode is deposited on a UV-window whose material should be chosen to have the best possible transmission for the UV light generated in the selected gas. The intensity of the UV photons and the repetition rate of these discharges are regulated by a simple RC circuit.
The photoelectrons are then accelerated under the electric field created in the space between the cathode and anode, which is under vacuum, and are absorbed in the thin metal anode, thus producing X-rays. This is a common process for other commercial generators, however having very smooth parallel metal plates allow to reduce the space between the two electrodes while applying the necessary high voltage. Moreover, to arrive to the desired electron energies, the voltage is applied in both electrodes reducing the needed dynamic range of each HV unit, that can be limited to < 30kV.Both characteristics leads to designs of devices few cm in size and simplified their operation.
The materials employed in the construction of the X-ray generating target will be selected according to the following two criteria:
• Their high radio-purity to limit the radioactive emission to a very low value. For many rare event searches an acceptable emission value is 100 mBq/Kg.
• Their robustness and good compatibility with the ultra vacuum.
Two good candidates meeting these requirements are, for example, CuC 2 copper and 316Ti-NIRONIT stainless steel. For the anode, which is thin (< 10 microns), the radio purity is less demanding but to hold good vacuum mechanically will be more difficult. For this reason the decoupling of the window and electron to X-ray converter is envisaged. The insulating part can be made with a ceramic such as boron nitride which satisfies both criteria while for the UV crystal a possible candidate full-filling both requirements is MgF 2 .
The new concept has been tested in the laboratory with results, reported in detail in the next sections, in line with expectations.
In the following, the experimental set-up used is explained and results for three different targets discussed. In section 4 the simulations performed, whose main goal was to optimize the thickness of the target in terms of X-ray production rate, but that have also helped to corroborate what we have been observing experimentally, are presented.
Experimental setup
Different metallic anodes have been tested experimentally recording the Xray spectra. In most of the measurements, an off-the-shelf continuous Deuterium lamp was used to optimize the X-ray converter, which also plays the role of the vacuum window in our design. In a second set of measurements a pulsed-lamp was used, proving the tagging of the events. However it was not intense enough to have a rate higher than 4 Hz. The window in both lamps was a sapphire window. In both cases the rest of the set-up is identical and it is described in the following.
The experimental set-up designed at CEA for the proof of concept of the new X-ray generator differs slightly from the general one presented in the previous section as it corresponded to initial tests to benchmark the idea of the new X-ray generator. A final design is on-going. The UV photons emitted from the lamp cross a 8 mm nitrogen volume until arriving to an aluminium photocathode of 7 µm deposit on 3 mm sapphire. The electrons are then accelerated in a vacuum region of 8 mm before arriving to the metallic anode, where they are absorbed to produce radiation as characteristic X-rays or Bremsstralung, as explained before. The anode is attached to a collimator with a 6 mm opening.
The generated X-rays are then detected in a Micromegas detector [1, 2] after crossing another nitrogen volume of 17 mm. A sketch of the set-up is shown in Figure 2 and a picture in Figure 3 . The Micromegas used was a microbulk Micromegas [3] operating in Ar-5%C 4 H 10 in circulation mode. The detector is placed in an aluminium gas chamber with a hole of 3 mm diameter closed by an aluminized Mylar foil 4 µm thick to allow the X-rays to enter the gas volume. The chamber is grounded and the mylar window operates as the drift electrode, while positive voltages are applied to the mesh and anode of the Micromegas. All data were acquired at the same operational point with a mesh voltage (V mesh ) of 150 V and drift voltage (V drift ) of 520 V. A spectrum using a 55 Fe source has been acquired to calibrate the detector (Figure 4) . A fit to its k α and k β lines as well as their combination is done assuming a linear background (first order polynomial). The escape peak of argon is also visible around channel 300. At this fields configuration the energy resolution obtained from the fits is of 18% (FWHM).
The signals produced in the Micromegas are read with a preamplifier OR-TEC 142-B and an ORTEC 572A amplifier. The shaping time chosen was of 10 µs. They are then digitized with a Multi-Channel Analyzer from Amptek and further analysed with a C++ routine based on ROOT [4] .
Experimental results
Different electrons-to-photons targets have been tested. These targets, as indicated in the previous section, play the role of the anode in the vacuum region where the electrons are accelerated. They also act as upstream window closing this region and thus defining the achievable vacuum level. For each metallic window, data have been acquired at different electron energies. Each metal will produce a different X-rays spectrum that depends on the thickness of the material and on the initial electron energies that impinge on the window. The main characteristic X-rays lines for the materials tested are listed in Table   2 , where the Siegbahn notation has been adopted (as in the rest of this paper).
In almost all cases only the k-alpha lines are visible. The thickness of the metal deposit can be studied and optimized through MonteCarlo simulations. Results are shown in section 4. Some of the optimized thicknesses to minimize the X-ray self-absorption in the target are difficult to manufacture to hold high-vacuum.
In the following, results for each material studied to produce the X-rays are discussed.
Material
Energy ( Varying the electron acceleration, different X-ray production rates are obtained. The current produced by the electrons in the electrodes was also monitored and resulted quite constant, approximately 450-500 nA, meaning that the production of electrons is constant and settled to a level of about 2.8 · 10 12 s −1 to 3 · 10 12 s −1 after a given acceleration.
The obtained X-rays detection rates, proportional to the production ones, for each electron potential have been calculated after reading the data from the MCA with a C++ code using ROOT libraries and after calibrating the spectra. The rates are listed in Table 3 . The total rate has been computed for an energy threshold of 0.5 keV and the rate in the peak is calculated in a region of 1 sigma around the mean value, without substracting the background. The spectra shown in Figure 5 are normalized by the acquisition time.
Varying the electron energy also changes the shape of the acquired spectra, as it affects the energy up to which the Bremmstrahung extends (the main characteristic line is at low energy, 1.5 keV and always visible). At higher electron energies, the X-rays detection rate is larger but the separation between the peak and the Bremsstrahlung tail worsens. Such separation is better for low electron energies, where the main peak can be easier identified.
The range of the 1.5 keV X-rays in aluminium is around 1.3 µm. Simulations have confirmed that the optimal thickness of this material will be then between 1 and 3 µm to avoid self-absorption and have a higher electrons to X-rays con-version efficiency. On the other hand, as will be seen later (Figure 11 ), thicker converters result in a larger separation between the characteristics X-rays and the Bremsstrahlung because of the higher probability to absorb low energy Xrays, and may help to produce a clearer spectrum for calibration. Another factor affecting the X-ray spectra is the electric field, as already discussed. In conclusion, the rate and the shape of the X-ray spectra can be tuned by varying the thickness of the metallic layer and the initial electrons energies. In each application these variables should be optimized according to the goal: achieving higher rates or a more separated spectrum.
Stainless Steel
Data were also acquired with a stainless steel converter of 50 µm thickness.
As in the previous case, measurements were done for different electrons energies.
The spectra are shown in Figure 6 . The stainless steel used is 304L with a composition in weight of its most abundant species of Fe (∼ 69.5%), Cr (19 %), Ni (10 %) , Mn (1 %) and Si (5 %). The main expected X-ray lines, listed in Table 4 , are between 5.5-7.0 keV, and they are not distinguishable in the Micromegas, forming a single peak at about 5.7 keV, as observed in Figure   6 . The produced X-rays are energetic enough to excite Ar atoms that will then de-excite emitting X-rays of 3.2 keV. If they escape the active area of the detector, the energy deposit is then 2.5 keV, which corresponds to the second peak observed experimentally at lower energies (escape peak).
The simulations discussed in section 4, to study the X-ray spectrum with a minimal geometry, show that for stainless steel of 10 µm the self-absorption cuts energies below about 2.5 keV, so for the thickness of 50 µm tested, the cut occurs at even higher energies.
The same conclusions can be derived as in the case of the aluminium: the spectrum shape changes with the initial electrons energies and will also change with the thickness. These material would be interesting for devices with a energy recolution capable to resove the different peaks. Table 5 : Rates obtained with the stainless steel foil of 50 µm for each voltage configuration.
Only the statistical error has been calculated.
Copper
The third material investigated to produce X-rays was copper. Copper has an interesting line for calibration at 8.0 keV. The copper used was 2 µm thick deposited on a Kapton layer of 12.5 µm. In this configuration the kapton mantains a good vacuum while the copper thickness can be optimized. As in previous cases, data were recorded for different electrons energies. The measured spectra are shown in Figure 7 and the computed X-ray detection rates are listed in Table 6 . As the main visible X-ray line is at 8.0 keV , this should be the minimum electron energy required to obtain it. Nevertheless, below 10 keV, the peak hardly emerges from the Bremsstrahlung. So a difference of previous cases, the peak is clearer at higher electric fields as its energy is higher than the main Bremsstrahlung radiation. The X-ray detection rates (kHz) is considerably higher than in previous case as it has the optimal thickness to avoid selfabsorption while the kapton is almost transparent above 2 keV, as is discussed in next section.
Pulsed lamp
Additional copper data were acquired replacing the UV continuous lamp with a hydrogen pulsed lamp. The rest of the set-up is exactly the same as the one used in the tests reported in previous section. The lamp was operated at a voltage between the electrodes of 2.5 kV.
A Cu spectrum is shown in Figure 8 In conclusion, X-rays have been produced with three different materials (Cu, Al and stainless steel) obtaining the expected X-ray spectra and proving the operation capability of the X-ray generator. The X-ray spectra features depend on the initial electron energy and on the thickness of the X-ray converter. Detection rates up to kHz have been obtained for an optimized thickness in the case of copper. The rates are shown in Figure 9 for the three materials studied.
The X-ray detection rate depends on different factors: the gas and the window used in the lamp, that should have a good transmission for the produced wavelength, the thickness of the target and the small geometrical acceptance in different parts of our device (light collection solid angle, X-ray collimator, Micromegas window and efficiency, alignment). All these factors have to be taken into account for the construction of an optimized apparatus. 
Simulation program and geometry optimisation
The X-ray spectrum produced in the electron to X-ray conversion process and the energy deposited by these photons in a microbulk were simulated by means of the GEANT4 toolkit [5] . The scoring regions were respectively the exit surface of the electron to X-ray converter and a gas volume corresponding to the sensitive region of the Micromegas detector.
The simulations were carried out for a set of incident electron energies and different converter materials and thicknesses for optimisation purposes. The comparison with experimental data was used to validate the simulations and was therefore carried out only for a subset of all the studied cases.
Two different geometries were implemented into GEANT4: a minimal one, including only an electron to X-ray converter and a scoring region in front of it, and the whole set-up, from the UV source to the sensitive region of the Micromegas detector. The UV photons to electrons conversion process was not simulated. µm. This method strongly depends on the fitting extremes and gives therefore just a rough indication of the range of electrons in matter. A more precise value is provided by the ESTAR/NIST database [6] and for 12 keV electrons in Al it amounts to 1.8 µm. The energy of the X-ray spectrum produced in the electron to photon conversion was then scored at the exit surface of the aluminum foil. Different foil thicknesses were studied and results are shown in Figure 11 . The threshold of 990 eV is an artifact corresponding to the default cut-off energy for X-rays in the GEANT4 toolkit.
The two peaks corresponding to the ∼ 1.5 keV characteristic X-ray of Al the experimentally detected spectrum with the difference that the three peaks are unresolved. It is also evident that the thicker the foil the higher the selfabsorption (therefore the lower the transmission) of the photons produced. Table 7 reports the obtained photon production efficiency, quantified as the number of X-rays per incident 12 keV electron reaching the nitrogen region located at the exit of the conversion layer for different aluminum foils and suggests that, for this metal, the optimal thickness is of the order of the range of the 18 electrons in the material. This is due to the fact that if the foil is too thin not all electrons are stopped inside it, while if it is too thick self absorption takes over.
Copper
The same study was performed for different copper foils and a 12.5 µm kapton layer with 2 µm Cu, which corresponds to our experimental set-up. Figure 12 shows the X-ray spectra obtained for each case, where the Cu lines reported in Table 2 are visible, superimposed to a continuum.The spectrum obtained by using a foil thickness ≤ 1 µm shows two additional but unresolved peaks around 1 keV. These are the Lβ 4 (1019.15 eV) and Lβ 3 (1022 eV) lines, which disappear because of self absorption when the metallic converter gets thicker.
The photon production efficiency for Cu obatined is reported in Table 8 .
The range of 12 keV electrons in such material is ∼ 0.7 µm. The presence of a kapton foil reduces the number of X-rays per incident electron reaching the nitrogen region. The reduction is more important for thinner metallic layers, passing from 12 % for Cu foils 1 µm thick to 6% for Cu foils 2 µm thick. Figure 12 : GEANT4 simulated X-ray spectrum generated by electrons in copper foils of different thickness for 10 9 incident electrons.
Stainless Steel
For the Inox material composition in the simulations, stainless steel 304 L [7] was considered, same material tested experimentally. Figure 13 shows the spectrum of X-rays produced by 12 keV electrons in foils of stainless steel of different thicknesses. As always, the spectrum is composed by lines superimposed to a Bremsstrahlung continuum whose end-point corresponds to the incident electron energy. Table 4 summarizes the origin and energies of the peaks in the spectrum. As in previous case, the low-energy lines start to be invisible at higher stainless steel thicknesses due to their self-absorption in the material.
The obtained fraction of X-rays produced by 12 keV electrons in inox is reported in Table 9 . The range of 12 keV electrons in stainless steel has been calculated from the ranges in the constituent elements and amounts to ∼0.76 µm.
To compare data with simulation, the whole geometry has been implemented in GEANT4 recording the energy deposited in the Micromegas gas volume (95 % Ar + 5% C 4 H 10 in volume) by X-rays produced from a 10 keV monochromatic electron beam hitting a stainless steel foil 50 µm thick. The simulation was split into 2 steps due to the low fraction of X-rays produced and escaped in a 50 µm stainless steel. In a first step the energy and number of photons generated by a 10 keV monochromatic electron beam impinging on a stainless steel foil of 10 µm thick were scored at its exit. Given the already mentioned ∼ 0.76 µm range, no electron is expected to emerge from the metallic converter. In a second phase the obtained X-ray spectrum is used as input to the whole geometry where a 40 µm SS layer of is added to simulate the actual 50 µm layer. The energy lost by the X-rays in the sensitive volume of the microbulk is scored. The result, after convolution with the energy resolution of the detector (18 % FWHM, Figure 4 ), is shown in Figure 14 in comparison with the experimental results obtained for a similar field. The peak around 6 keV accounts for all the characteristic X-rays of energy higher than 5 keV listed in Table 4 . Around 2.5 keV, the Argon escape peak of the unresolved lines is visible. The spectra, normalised to the same peak height, are quite in agreement. The small difference between the two spectra is seen inbetween the two peaks and is due to imperfections in the microbulk structure which were not taken into account in the simulations.
Applications
The simplicity of the proposed instrument makes it appropriate for various applications. We highlight the following: • The device is operating at moderate voltages (≤ 20 kV ) and very low consumption (1 mWatt) thanks to the pulsed mode and the use of UV light for the electron extraction instead of thermionic emission. Thus there is not need of special authorisation or safety equipment, while the whole apparatus could operate with batteries or solar cells. Moreover the apparatus is very compact and light. As a result it is a portable calibration system that can be easily installed close to the detector, overcoming the necessity of bringing the detector to an X-ray generator facility.
• Our generator can be permanently installed next to detectors requiring a high radio-purity as in the case of dark matter or neutrino experiments, or applications as the radiometric dating of materials studying traces of radioactive impurities.
• Calibrate detectors during data collection without interruption of the experiment thanks to the tagging of the events. This is very important for low-rate, rare-event experiments. However even in case of high-rate experiments tagging is still possible thanks to the excellent timing of the device (given the UV lamp resolution is .35 ns we expect an overall jitter ≤ 1ns
for the X-ray buckets). 
Conclusions
A novel type of X-ray generator has been built. A simplified design of the device was tested in the laboratory, validating the proof of concept. GEANT4 simulations showed a good agreement with experimental results, opening the way to geometry and material optimisation.
The proposed device is really versatile: by adjusting its dimensions, the converter composition and thickness and choosing between a continuous or pulsed UV source, the X-ray production rate and energy spectrum can be easily tailored to the desired application. The high radio-purity of its building materials and its compactness makes it suitable for calibrating detectors in low-background experiments. Thanks to the very precise event tagging, this calibration can be performed constinuosly, in parallel with data taking.
